In this study, the particle formation and reduction characteristics at the engine-out position, after a three-way catalyst (TWC) and a metal foam gasoline particulate filter (GPF), were evaluated for a gasoline direct-injection (GDI) engine under part-load operating conditions. The vehicle tests were performed under the Federal Test Procedure-75 (FTP-75) and the Highway Fuel Economy Test (HWFET) modes. Particle number (PN) concentrations, size distributions, and the filtering efficiency with the GPF were evaluated with a condensation particle counter (CPC) and a differential mobility spectrometer (DMS500). Under steady engine operating conditions, the PN concentrations at the engine-out position were 9.7 × 10 5 -2.5 × 10 6 N/cc. While, the PN concentrations after the GPF were 9.2 × 10 4 -3.5 × 10 5 N/cc, and the PN was reduced by 77%-96%. The PN filtering efficiency with the GPF-GDI vehicle reached approximately 58% in the FTP-75 and 62% in the HWFET mode. The PN concentration of the GPF-GDI vehicle was significantly reduced to 3.95 × 10 11 N/km for the FTP-75 and 8.86 × 10 10 N/km for the HWFET mode.
Introduction
To meet current and projected stringent global greenhouse gas (GHG) regulations and the fuel economy standards, vehicle manufacturers have been developing energy-efficient gasoline direct-injection (GDI) technologies for spark ignition (SI) engines [1] [2] [3] . State-of-the-art GDI engines combined with boosting technology offer higher specific power, lower fuel consumption and faster response than conventional port fuel injection (PFI) engines [3] [4] [5] [6] [7] . In spite of these many advanced technologies, many studies have indicated that the mixture preparation schemes and combustion mechanisms of the GDI engine emit significantly higher amounts of particulate matter (PM) than the traditional PFI engines or diesel engines that have been equipped with particulate filters, especially during the cold-start phase and at high acceleration points [5, 6, [8] [9] [10] [11] [12] [13] [14] [15] . The fuel impingement on the piston bowl and the cylinder liner is responsible for particle formation, so comprehensive approaches or optimization of the injector location, the combustion chamber shape, and improved engine control strategies need to be considered to reduce the formation of nanoparticles in GDI engines [16] [17] [18] [19] [20] . PM pollutants are currently of considerable interest because medical findings have indicated that exposure to ultrafine aerosol particles (<100 nm diameter) from internal combustion engines cause significant health risks [7, 8, [21] [22] [23] [24] . Furthermore, previous studies have indicated that GDI engines produce considerably hazardous nucleation mode particles, which are typically a complex mixture of solid and more volatile particles [8, 17, 18, [25] [26] [27] [28] . Based on the high market growth of GDI vehicles, the European Union (EU) has regulated the particle number (PN) standard for GDI vehicles, which considers non-volatile particles with a diameter above 23 nm, in the Euro-6 vehicle emissions standards [18, 20, 21, 24] . Additionally, the California Air Resource Board (CARB) is debating future PM emission regulations for the low-emission vehicle (LEV)-III standards. CARB has revealed that sub-23 nm particles comprise a substantial portion of the total PM emissions from GDI vehicles [5, 9, 21, 29, 30] . The primary reason for these controversial findings of differences between the particle measurement programme (PMP) methods and CARB relates to the sensitivity of the sampling and dilution approaches for the secondary particles formed from gaseous precursors [29] [30] [31] [32] .
The particle reduction characteristics of the spark ignition direct injection (SIDI) engine with a three-way catalytic converter (TWC) have been well investigated in previous studies [33] [34] [35] . Substantial reduction of the sub-23 nm particles was observed in the downstream position of the TWC. The reduction mechanism of particles through the catalytic converter was categorized as partly due to oxidation and partly to coagulation [35] . Engine-out particles consist of combustion-generated solid carbon particles and some organic compounds [7] [8] [9] 18, 21] . The solid particles become coated with condensed and adsorbed organic compounds, including unburned hydrocarbons and oxygenated hydrocarbons [8, [25] [26] [27] 29, 30] . Particle size distributions are generally classified into three modes: nucleation mode (5 nm < dp < 30 nm), accumulation mode (30 nm < dp < 1000 nm) and coarse mode (1000 nm < dp). Exhaust particles containing volatile organic compounds that are less than 23 nm in size formed during combustion in locally rich regions are substantially oxidized in the TWC, while almost all of the accumulation mode particles are passed through the catalyst without purification [25, 27, [33] [34] [35] . Therefore, a cost-effective gasoline particulate filter (GPF) can be adopted for GDI vehicles to reduce the nano-PM emissions to satisfy future PN emission regulations [10, 27, [29] [30] [31] [36] [37] [38] [39] . The physical characteristics of volume, space velocity, pressure drops, exhaust temperature for natural regeneration, and particle-filtering efficiency, including sub-23 nm particles that do not negatively affect vehicle exhaust emissions and fuel efficiency, should be considered for optimized performance [5, 10, 25, 27, 30, [36] [37] [38] [39] [40] [41] [42] [43] .
The purpose of this study is to evaluate the size-resolved PN concentrations, filtration efficiency, and pressure drops of the metal foam-type GPF for the GDI engine in the part-load conditions and the relevant engine control parameters. In verification tests on light-duty vehicles, different driving cycles were conducted for various emission certification modes in accordance with the federal test procedure-75 (FTP-75) and the highway fuel economy test (HWFET). Finally, size-resolved particle concentration by DMS500 was included to investigate the proportion of sub-23 nm nucleation mode and accumulation mode particles from GDI and GDI-GPF vehicles, respectively. Table 1 provides detailed specifications of the test 2.4 liters naturally aspirated (NA) GDI engine and vehicle. A direct-injection spark ignition engine with a compression ratio of 11.3:1 was tested. A two-brick under-floor catalytic converter (UCC) combined with the engine control strategies of double split injection (DSI) and spark timing retard was used to effectively lower the vehicle emissions during the cold-start phase. A metal foam-type GPF (Alantum, Seongnam, Korea), located 50 cm downstream from the outlet of the UCC, was applied to the test vehicle to evaluate the nanoparticle filtration efficiency of the GPF [39] . Particle size distributions and PN concentrations from the GDI engine were directly measured at three positions with heated sampling valves and sampling line for minimizing the loss of particles: (1) in front of the TWC position; (2) after the TWC position; and (3) after the GPF position using a differential mobility spectrometer (DMS500, CAMBUSTION, Cambridge, UK). The DMS500 equipped with heated sample line and two stage dilution systems allowed direct sampling from the exhaust gas. The detectable particle size ranges of this equipment were 5-1000 nm and the time response was 200 milliseconds [18, [33] [34] [35] . The specifications of the tested fuel are presented in Table 2 . Figure 1 shows a schematic diagram of the cross-sectional area of the metal foam-type particulate filter. The metal foam has the shape of a circular annular tube, and exhaust gas flows radially from the inside to the outside of the annular tube. Metal foams have various advantages for use as filter media and substrates in internal combustion engines [38, 39] . First, metal foams of various pore sizes, from 450 to 1200 micron, can be produced and the resulting porosities range around 85%-95%. 
Experimental Apparatus

Test Engine and Vehicle
Gasoline Particulate Filter and the Filtration Mechanism
Exhaust gas
The pressure drops and PN loading capacity with various metal foam media depends on pore sizes and volume. Therefore, when metal foams with various pore sizes were fabricated into one filter, the particle capturing process inside the filter pore would be more uniformly improved, and the pressure drop through the GPF could be decreased in as a necessary [36] [37] [38] [39] . Moreover, metal foam has a three-dimensional complex pore structure and an irregular strut surface because of the unique powder metallurgical manufacturing processes. These processes form a large surface area, which enhances the mass transfer from the main flow to the strut surface. Therefore, the catalytic performance for exhaust gas treatment can be increased when metal foam is applied as a catalyst substrate [34, [36] [37] [38] [39] [40] [41] [42] . Table 3 shows the physical properties of the metal foam filter used in this test, with a total volume of 4.0 liters, a length of 280 mm, an inner diameter of 42.7 mm; an outer diameter of 142 mm and a total diameter of 160 mm with fixture and outer canning for the GPF. Figure 2 shows a schematic diagram of the experimental apparatus that was used to analyze the concentrations of nano-PM and the regulated emissions for vehicle mode tests. A 48-inch single roll chassis dynamometer (M4500, AVL, Graz, Austria), a gaseous emission analyzer (MEXA-7200H, Horiba, Kyoto, Japan) and a full-flow CVS exhaust dilution tunnel system (CVS-7200S and DLT-1230, Horiba) measured the particle emissions, regulated emissions, carbon dioxide (CO2), and fuel economy. Fluorocarbon-coated glass filters (TX40, Pallflex, Port Washington, NY, USA) were used to collect particulates, which were measured using an analytical balance (CPA2P-F, Sartorius, Göttingen, Germany).
Vehicle Test Equipment and Particulate Emission Analysis
The PN concentration emitted from the test vehicle was counted via a system corresponding to the golden particle measurement system (GPMS) standards, recommended by the PMP [29, 30, 32, 39] . The system has two primary components: (1) a particle sampler system consisting of a sampling and a particle pre-classifier (cyclone with d50% = 2.5 μm); and (2) a particle conditioning and measurement system consisting of a volatile particle remover (VPR) and a particle number counter (PNC) unit. The VPR provides heated dilution, thermal conditioning of the sample aerosol, and secondary dilution for cooling and freezing of the sample before it enters into the PNC [34, 35] . The PNC unit is a condensation particle counter (CPC 3010D, TSI, Shoreview, MN, USA) with the lower cut-off modified to 23 nm. Additionally, a DMS500, which is a fast-response size spectrometer, was installed at the tail pipe location of the vehicle under FTP-75 and HWFET mode to analyze the PN concentration and size distribution characteristics [16, 18, 24, 29] . 
Experimental Results and Discussion
Exhaust System Temperatures, Pressure Drop, and PN Concentration at Part-Load Conditions
Various part-load engine operation conditions, which mainly occur in the FTP-75 and the HWFET driving cycles, were selected for this research. The exhaust system temperatures and pressure drop between the GPF of the tested engine are shown in Figure 3 . To monitor the exhaust system temperatures of the engine, K-type thermocouples were installed at the exhaust port, at the catalyst bed (20 mm below the frontal face) and at the GPF (inlet and outlet positions) streamline. The exhaust port temperatures under part-load conditions of 1500 rpm at brake mean effective pressure (BMEP) of 1.5 bars and of 3500 rpm BMEP of 4.0 bars were 217 °C and 132 °C higher than those before the GPF sampling position, respectively. The temperatures at the inlet and the outlet of the GPF increased from 331 °C and 368 °C to 617 °C and 654 °C, and maintained an approximately 37 °C difference in the part-load conditions. Furthermore, the pressure drop in the GPF was less than 1.0 kPa in the three part-load conditions. However, the pressure drop increased by 3.9 kPa at 3500 rpm, BMEP 4.0 bars. Figure 4 shows the total PN concentration of the GDI and the GDI-GPF engines in part-load conditions. The particle emissions from the GDI and the GDI-GPF engines were compared at three positions using the DMS500: (1) before the TWC; (2) after TWC; and (3) after the GPF. The total PN at the engine-out sampling position varied from 9.7 × 10 5 N/cc to 2.5 × 10 6 N/cc, and that emitted after the TWC sampling point was reduced by approximately 34% and 22% at low engine speed conditions, and by 79% at 2000 rpm, BMEP of 2.0 bars, and 11% at high engine speed conditions. The TWC effectively removed the volatile hydrocarbon particle precursors under low-speed, low-load conditions but had essentially a little effect on particle emissions under the high-speed and high-load conditions because of the higher exhaust flow rate [ In the low exhaust gas temperature conditions, the nanoparticles exhibited relatively low Brownian motion intensity [7] [8] [9] [36] [37] [38] [39] , and therefore, had a low probability of colliding and adhering to the GPF structure. When the gas temperature and exhaust flow velocity increase at high speed and high load conditions, particles are blocked and rebounded at the pore structure, so the filtering efficiency becomes higher compared to the lower exhaust gas temperature conditions [39] . Consequently, the total PN after the GPF sampling position was 2.2 × 10 5 N/cc, and the reduction of particle concentration at 1500 rpm, BMEP of 1.5 bars was 77% compared to the amount emitted from the engine-out position. However, the collection efficiencies at 2000 rpm, BMEP 2.0 bars and 4.0 bars part-load conditions were greater than 90%, when the GPF inlet temperature exceeded 400 °C. The amount of exhaust particles in the engine-out position increased sharply with the higher engine speed and load. However, substantial reduction of particle concentration was attained after the TWC and GPF positions, which were mainly associated with the oxidation and storage process of the volatile compounds and solid particles in the exhaust after-treatment systems [33] [34] [35] [39] [40] [41] [42] . Figure 5 shows the particle size distributions of the GDI and GPF at three sampling positions. PM consists of tiny solid particles and liquid droplets ranging from a few nanometers to approximately one micrometer in diameter (below 1000 nm). Generally, PM size distributions are classified as tri-modal, and they primarily consist of nucleation, accumulation, and coarse modes. These modes are distinguished by the particle diameter [7] [8] [9] [10] . The particle size distribution at the engine-out sampling position was bi-modal with 10 nm < dp < 30 nm from 1500 rpm, BMEP 1.5 bars to 2000 rpm, BMEP 2.0 bars, and it consisted of accumulation mode particles with 40 nm < dp < 100 nm formed at 2000 rpm, BMEP 4.0 bars and 3500 rpm, BMEP 4.0 bars. In the case of the sampling position after the TWC, the distribution of nucleation mode particles was approximately 50% less than that of the engine-out position. Finally, the particle size distribution of the sampling position after the GPF had almost reduced values of both nucleation and accumulation mode particles, except under the 3500 rpm and BMEP 4.0 bars condition with higher exhaust flow rate and exhaust system temperature, as shown in Figure 3. 
Particle Size Distribution and Part-Load Engine Operating Conditions
Particle Matter Emissions during Vehicle Driving Tests
The real-time PN concentration and the cumulative particle by CPC in the FTP-75 and HWFET mode are presented in Figure 6 . In the system, volatile particles are removed through thermal treatment using a VPR, leaving particles that are operationally defined as solids over 23 nm particle sizes, to be counted by a CPC [29, 30, 32, 39] . The levels of particle number emissions were closely related with the engine coolant temperature and the driving conditions of the vehicle. In the wall-guided GDI engine, the direct accumulation of injected fuel on a piston leads to rich combustion in the piston crown area, but an incomplete combustion results in soot formations [6] [7] [8] 10, 17, 18, 20, 27, 39, 43] . Low vehicle speed and long idle times in phase 1 of the FTP-75 mode impact on late increment of the engine coolant, combustion chamber wall, and exhaust system temperatures. Low cylinder temperature during engine start and first tip-in of the FTP-75 mode produces more wall-films, which result in significant particle emissions. Optimization of engine control strategy of multiple injections combined with high injection pressure during cold start and cold transient operation stage is most effective measures for reducing PN emissions [8] [9] [10] [11] [15] [16] [17] [18] 27, 31, 43] . Moreover, installation of the GFP in GDI engines is a straightforward pathway for reducing both the nucleation mode and the accumulation mode particles [36] [37] [38] [39] . After the GDI engine reached the fully warmed-up condition in phase 2 and phase 3 of the FTP-75 mode, the formation of nanoparticles remained at a very low level, except under acceleration conditions. Accumulated PN concentrations for the GDI and GPF-GDI engines indicated that most of the particles were formed within the first 250 s in the FTP-75 mode. To examine the effect of vehicle speed on particle formation, the HWFET mode was also tested. The particle formation of the GDI vehicle increased sharply, compared to that of the GPF-GDI vehicle at steep acceleration points, although this mode included a hot engine start followed by fully warmed-up driving. The particle spikes of the base GDI vehicle during the aggressive acceleration points were due to the combination of the rich mixture formation and shifting of gears by the automatic transmission [18, 21, 24, 30, 31, [33] [34] [35] . The PN emissions of the GPF-GDI vehicle through the HWFET mode were significantly lower than those of the base GDI vehicle. Especially, both the PN spikes during aggressive acceleration points and PN formation after 350 s of the HWFET mode with higher vehicle speed conditions were simultaneously mitigated by GPF installation. Figure 7 shows the comparison of PN concentration levels of each phase of FTP-75 and HWFET mode with base GDI and GPF-equipped GDI vehicle. All the data of the particle concentration were tested about three times and averaged. The particle emissions were 2.89 × 10 12 N/km in phase 1 of the FTP-75 mode, and decreased to 4.36 × 10 11 and 3.86 × 10 11 N/km in the subsequent cycles, respectively, for the non-GPF case. The average FTP-75 weighted total particle emission was 9.32 × 10 11 N/km. The particle emissions for the GPF-equipped vehicles were 1.43 × 10 12 N/km for phase 1 of the FTP-75 mode, and they were 1.31 × 10 11 and 1.07 × 10 11 N/km in the subsequent cycles, respectively. The FTP-75 weighted total particle emission was 3.95 × 10 11 N/km, which was 57.6% less than that of the non-GPF case. During the cold start and cold transient vehicle operating stages of low engine temperature conditions, the nanoparticles showed relatively low intensity Brownian motion; therefore, they had a low probability of colliding and adhering to the structure of the GPF [8, [36] [37] [38] [39] [40] [41] [42] . Consequently, the filtration efficiency of the GPF remained at only 50.4% in phase 1 of the FTP-75 mode. However, the collection efficiencies of phase 2 and phase 3 of the FTP-75 mode increased to 69.8% and 72.2%, respectively. The PN emissions from the HWFET mode showed much lower concentration than from FTP-75 mode irrespective of with or without GPF installation mainly due to the fast fuel evaporation characteristics in the fully engine warm-up condition [17, 21, 26, 33, 34, 39, 43] . The total PN concentration of the GPF-GDI vehicle for the HWFET mode reduced at a rate of 61.6%. Figure 8 . Comparison of size-resolved particle concentration and portion of particle number by DMS500 in FTP-75 and HWFET mode; (a) particle number concentration and size distribution; (b) portion of size-resolved particle number concentration.
Particle Size Distribution and Part-Load Engine Operating Conditions
The particle size distribution for the GDI vehicle exhibit both nucleation and accumulation mode particles that are 10 nm < dp < 100 nm [5, 6, [8] [9] [10] [16] [17] [18] 20, 26, [33] [34] [35] 43] . In contrast, the particle distribution for the GDI-GPF vehicle exhibit accumulation mode particles of 60 nm < dp < 100 nm, because the nucleation mode particles were removed in the GPF [38, 39] . For the HWFET mode, which includes a high-speed and an acceleration gradient, the particle size distribution of the base GDI vehicle exhibits the three peaks of the sub-23 nm nucleation mode, 40 nm, and 100 nm particles. The particle below 50 nm was substantially reduced with GPF, and the size ranges of 80-90 nm particles were mainly emitted from the GPF equipped GDI vehicle.
As for the portion of PN, accumulation mode particles of diameters ranging 23-100 nm were primarily discharged during phase 1 of the FTP-75 mode for the GDI vehicle, when the engine and exhaust system were still in the cold condition. Only 28% of the total number of nanoparticles were sub-23 nm nucleation mode particles, and PM over 100 nm size composed 16% of the total particle number. In phase 2 and phase 3 of the FTP-75 mode, as the engine was fully warmed-up, the number of particles with diameters greater than 48 nm decreased to less than 40% of the total number of particles, and those of sub-23 nm particles increased to greater than 35%. Therefore, for the GDI engine, particles are assumed to be generated from the unburned hydrocarbons and the wall-film when the engine is in the cold condition, and these nanoparticles originating from hydrocarbons are relatively large [8, 10, 13, [15] [16] [17] [18] [19] 22, 26, 28, [33] [34] [35] 39, 43] . In contrast, almost all of sub-23 nm nucleation particles were strongly reduced in the GDI-GPF vehicle, and its proportion relative to the total number of nanoparticles was not affected by the engine operating states. Sub-23 nm particles comprised only 6%, and particles larger than 48 nm accounted for 75% of the total number of particles for the GDI-GPF vehicle during phase 1, whereas that for the GDI was 49% over 48 nm particles. In phase 2 and phase 3, particles larger than 48 nm comprised more than 70% of the total fraction, and sub-23 nm particles comprised less than 14% of the total number of particles. Particle sizes for the GDI vehicle in the HWFET mode was mainly discharged 46% in sub-23 nm nucleation mode, whereas 77% of that by the GDI-GPF vehicle was mainly over 48 nm diameter particles. Table 4 summarizes the comparison of the regulated emissions (THC, CO, NOx, and PM), CO2 emissions, and the fuel economy (FE) of the GDI and GDI-GPF vehicles, respectively. The regulated emissions, CO2 emission, and the fuel economy of the GDI-GPF vehicle were similar to those of the GDI vehicle. Because the particles collected in the GPF occurred at the highest filtration efficiency, the PN and PM emissions were decreased by 57.6% and 64.0% for the FTP-75 mode, respectively. In the HWFET mode, the PN and the PM emissions level for the GPF vehicle were also lower than those for the FTP-75 weighted mode, and the filtration efficiency of the GPF for PN and PM emissions increased to 61.6% and 68.8%, respectively. Therefore, the metal foam-type GPF can reduce the particulate emissions to levels that satisfy the Euro-6 PN regulation for GDI vehicles without sacrificing engine performance or fuel economy. 
Regulated Emissions, CO2, Fuel Economy and Particles
Conclusions
The PN concentrations, size distribution characteristics, and filtration efficiency of the metal foam-type GPF for the GDI engine in the part-load engine operating conditions and the vehicle test modes were investigated. The various exhaust system temperatures and pressure drop between the GPF which factors were closely connected with particle capturing efficiency and engine performance were also evaluated. The major findings obtained from this study are summarized as follows:
The TWC slightly removed the volatile hydrocarbon particle precursors by 22%-79% under lowand middle-engine speed and low-and middle-load conditions, while the TWC showed a small effect on particle emissions with a reduction of 11% under the high-engine speed, high-load conditions because of the higher exhaust flow rate. The filtration efficiency of the GPF was reached around 77%-96% in the low-to-medium part-load engine operating conditions. However, lower filtering efficiency of 53% was obtained at high speed condition by passive regeneration inside the GPF under high exhaust gas temperature above 650 °C. The size-resolved particle concentration from the GPF-GDI engine presented that both the nucleation and the accumulation mode particles were simultaneously reduced under steady-state part-load engine operating conditions.
Installation of the metal foam GPF in a GDI vehicle significantly impacted the particle concentration and the size-resolved PN emissions characteristics in the vehicle test modes. The PN emissions, mainly emitted during cold engine operation and high accelerating points in the GDI vehicle, were effectively reduced with adoption of the GPF. The average FTP-75 weighted total particle emission was 3.95 × 10 11 N/km from the GPF-GDI vehicle, which was 57.6% less than that of the non-GPF GDI vehicle. The size-resolved PN emissions from the metal foam GPF-GDI vehicle presented substantial PM filtering efficiency on the whole ranges of particles from the GDI vehicle. Sub-23 nm nucleation mode particle that was not counted in the Euro 6 PN regulation were of distinctive abatement features by 23%-36% of the total particles from the GPF-GDI vehicle. The fuel economy, CO2, and regulated emissions with the GPF-GDI vehicle were equivalent to those of the base GDI vehicle under the vehicle certification modes of the FTP-75 and the HWFET. Adoption of the metal form type GPF for GDI vehicles has potential to meet the Euro 6 PN legislation with minimizing the penalties on the engine performance, exhaust gas emissions, and fuel efficiency in a GDI vehicle.
